We present a simulation approach for thin film lubrication that integrates a molecular model of the film thicknessviscosity relationship in thin films with a continuum elastohydrodynamic (EHL) lubricated contact solution. Molecular simulation is used to characterize the effect of film thickness on viscosity in terms of solidification, shear thinning, and oscillation. This relationship is then incorporated into a traditional, continuum EHL solution.
INTRODUCTION
Thin film lubrication describes contact between two solids separated by a lubricating film where the film thickness is comparable to the fluid molecular size. It is considered to be a distinct regime of lubrication because the lubricant film is thin enough that traditional, continuum-based hydrodynamic theory may not be applicable. This type of lubrication occurs frequently in micro and nano-scale engineering applications such as magnetic storage devices and high performance gear systems. In addition, it may occur during the critical starting or stopping of larger scale hydrodynamic lubricated applications and at the asperity contact regions in mixed lubrication. Design of applications that operate in the thin film lubrication regime is currently difficult because there are few proven formulas available and experimental measurements are still difficult to obtain [1] . To more accurately predict wear and failure in thin film lubricated contacts it is desirable to develop simulation tools to aid in understanding and predicting thin film lubrication behavior.
APPROACH
Thin layers of lubricating film have been found to differ from their bulk counterparts in several ways. However, viscosity has been found to be one of the most significant differences. In thin films, viscosity has been observed to be not only a function of pressure, temperature, and shear rate, but also of film thickness [1] . Viscosity plays an important role in EHL contact behavior and correct viscosity characterization is essential to obtain accurate contact simulation results. Therefore, the dependence of viscosity on film thickness must be considered to apply an EHL simulation to thin film lubrication. The approach taken in this research to simulate thin film lubrication is to integrate a molecular model of the film thickness-viscosity relationship in thin films with a continuum elastohydrodynamic (EHL) lubricated contact solution.
In this work, non-equilibrium molecular dynamics (NEMD) simulation was used to describe the relationship between film thickness and viscosity.
The interaction potentials and fluid model were similar to those reported in the literature [2] . The EHL simulation used was the full numerical solution given by Hu and Zhu [3] . This simulation predicts pressure and film thickness distributions in the contact area by numerical solution of the Reynolds equation, elasticity equations, and the Barus model for change of viscosity with pressure.
The film thickness-viscosity relationship from NEMD was incorporated into the EHL simulation as the ambient viscosity in the Barus equation [4] .
RESULTS AND DISCUSSION
The NEMD simulation was run for a range of film thicknesses from 0.6 to 2.3 nm and at three different wall speeds (1, 10, 100 m/s). For each film thickness and wall speed test case, viscosity was calculated as the ratio of measured shear stress to applied shear strain averaged over a 1 ns simulation. Best fit curves for the exact MD data points are illustrated in Figure 1 (only 1 and 100 m/s shown for clarity). The bulk value is also shown for reference.
Analysis of each individual viscosity curve reveals that the viscosity decreases with decreasing gap size (corresponding to increasing shear rate). This can be attributed to a shear thinning effect. Comparison of the curves relative to each other and to the bulk value shows that the viscosity is greater for lower wall speeds. This can be attributed to a solidification effect. The phenomena of shear thinning and solidification have been studied extensively and we will therefore assume that they should be included in the film thickness-viscosity characterization. However, the oscillatory behavior is less well accepted. The fact that the frequency of the viscosity oscillation is consistent for all three wall speeds suggests a physical origin. We further validated this idea using analysis of the molecular layering. It was found that the frequency of oscillation of the surface density for each film thickness correlated well with the frequency of the viscosity oscillation [5] . Based on this correlation, we concluded that oscillation is a physical phenomenon and should be included in the film thickness-viscosity characterization along with the shear thinning and solidification.
To demonstrate the integrated solution approach, simulation results are presented for the case of isothermal point contact between smooth surfaces. In this simulation, the reduced radius of curvature was 5 µm, the load was 0.1 N, and the reduced elastic modulus was 219 GPa. The relative speed was varied within the range of wall speeds at which the molecular simulation was run.
Analysis was performed on the resultant film thickness distributions to evaluate the impact of incorporating the molecular viscosity model. As an example of this analysis, Figure 2 shows examples of the film thickness contours predicted using the integrated and traditional EHL simulations. From Figure 2 , it appears that the effect of the film thicknessviscosity relationship is relatively small. This effect can be quantified by evaluating the dependence of film thickness on speed at critical locations in the contact area. Figure 3 illustrates this comparison.
The film thicknesses at the center of contact and the outlet predicted by the integrated simulation are larger than predicted by the traditional EHL model. However, at the side of the contact, the integrated simulation film thickness is smaller. This difference can be explained by (as observed in Figure 1 ) the fact that the molecularly modeled viscosity may be greater than or less than the bulk value depending on film thickness.
The overall difference between the integrated and traditional EHL simulations is relatively small. This can be attributed to the fact that the increase in viscosity with pressure modeled by the Barus equation is many times greater than the difference between the molecularly modeled ambient viscosity and the bulk value. This suggests that the applicability of the Barus model to thin films should be evaluated.
CONCLUSIONS
We presented an approach for simulating thin film lubrication that integrates a molecular viscosity characterization and a continuum EHL solution. The effect of incorporating the molecular viscosity model was evaluated by analysis of the simulated film thickness. It was found that the effect was small relative to the increase in viscosity with pressure predicted by the Barus model.
